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To investigate explanations for the maintenance of a positive spatial species
richness–human population density correlation at broad scales, despite the negative
impact of humans on species richness. These are (hypotheses 1–4): (1) human
activities that create a habitat mosaic and (2) a more favourable climate, and (3)
adequate conservation measures (e.g. sufficient natural habitat), maintain the
positive species richness–human density correlation; or (4) the full range of human








Avian species richness data from atlas distribution maps and human
population density data derived from 2001 census results were converted to a quarter-
degree resolution. We investigated the number of land transformation types
(anthropogenic habitat heterogeneity), irrigated area (increasing productivity), and
other covarying factors (e.g. primary productivity) as predictors of species richness.
We compared species richness–human density relationships among regions with
different amounts of natural habitat, and investigated whether the full range of




Hypotheses 1, 2 and 3 were supported. Human densities and activities that
increase habitat heterogeneity and productivity are important beneficial factors
to common species, but not to rare species. The species richness–human density
relationship persists only at low land transformation levels, and no significant
relationship exists at higher levels. For common species, the relationship becomes




The persistence of the species richness–human density
relationship depends mostly on the amount of remaining natural habitat. In addition,
certain human activities benefit especially common species. Common species seem
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A recurrent theme emerging from recent studies is that, at least at
the regional scale, a positive correlation exists between numbers
of native species and human population density. Such a relation-
ship has been found for a number of taxa including mammals,













., 2004; Evans & Gaston,
2005). The phenomenon has been studied at a number of spatial
resolutions, varying from finer 10-km grid scales (e.g. Evans &
Gaston, 2005) to the coarse resolution of whole countries (e.g.
Gaston & Evans, 2004).
It is commonly believed that similar responses to environmental
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., 2002). Productivity and energy availability and
habitat heterogeneity are examples of environmental factors that
influence the distribution of humans and other species (Currie,









2003; Evans & Gaston, 2005). In most cases, the influences of
more than one environmental factor can be seen, often with





., 2002). According to Gaston (2005), energy
and resource (i.e. primary productivity) limitation is the most
widely accepted explanation for patterns of variation in species
richness. Although some studies found that humans and species




., 2001), it is known that in South Africa, human density and
native avian species richness both have a positive correlation with





The generally negative impact of human activities on native
biodiversity is another well-known phenomenon. Humans are
responsible for habitat transformation, degradation and destruc-
tion, over-exploitation of natural resources including species, the
introduction of harmful invasive alien species and, ultimately,
global climate change and an abnormally rapid rate of global








. (2003) showed that human activity can significantly disrupt
the historical spatial distribution of certain taxa. Further, many
studies have found a positive correlation between human popu-
lation density in an area and the proportion of species that are









., 2004). In addition, human
density and activity is widely associated with a reduction in the
numbers of individuals of species, whether it is caused directly
(e.g. hunting or persecution) or indirectly through habitat
transformation or biological invasion (Fisher & Shaffer, 1996;










Considering that human activity reduces biodiversity in such
manner that the effect increases with an increase in human
numbers, why then does a positive correlation between human
density and native species richness still persist in such a
widespread manner? Many possible reasons have been suggested
for why the negative human impact does not usually result in the
elimination of a positive correlation. First, human activity might
increase habitat heterogeneity, enabling the coexistence of more
species and inflating species richness (Andren, 1994; Araújo,
2003). For example, Fairbanks (2004) indicated that this is likely
for South African bird species, after showing that an increase in
bird species richness coincided with an increase in various
types of land transformation. Humans may increase habitat
heterogeneity through habitat transformation if it results in the
creation of a mosaic of natural and artificial (i.e. anthropogenic)
habitat types where different species may coexist. Species
richness might be increased if the beneficial effect of increased
habitat heterogeneity is stronger than the negative effect of the
loss of natural habitat through transformation.
Second, human activity might result in a local change in the
climate of densely populated areas to a climate that is more
favourable to species. Examples include a heat island effect or
irrigation in urban areas, which may act to increase the productivity
and lengthen the growing season (weakening natural seasonal




., 2006). For animals, this
would translate to a lengthening of the breeding season, a more
constant and predictable food supply and a higher survival rate
of young. Similar to the first explanation, if the beneficial effect
on species richness is stronger than any negative effect of human
activity then species richness might be increased or at least be
allowed to persist.
Third, levels of species richness could be determined by the





 (Gaston, 2005). It is predicted that the form
of the observed relationship would vary among regions depending
on the strength of conservation activities in those regions. In
other words, a strong positive correlation might persist where
conservation measures are adequate, regardless of human
density, whereas the relationship might be negative or unimodal
where conservation measures are poor.
Fourth, humans could have a negative impact on species
richness over the full range of the correlation, i.e. although
higher human densities have a greater impact on biodiversity,
even low human densities act to decrease species richness
(Gaston, 2005). In other words, at any given value of human
density, detrimental human activities prevent species richness
from obtaining the maximum possible value that it would have
obtained if human densities had no influence on species richness.
Consequently, even though a positive correlation between
species richness and human density may still be found, the slope
of such a relationship would be lower than it would have been in
the absence of a human influence.
Fifth, the relationship may be positive at the coarse spatial
resolutions in which most of the studies were conducted,
although it would be negative or unimodal at finer resolutions
(Gaston, 2005). This is because, if viewed at coarse spatial
resolutions, areas of high human density may still include
substantial patches of natural habitat for biodiversity to be
maintained (see Pautasso, 2007, for further information and
support on this hypothesis).
Here we assess the nature of the relationship between species
richness and human population based on the hypotheses stated.
As a case study, we used data on the distributions of native bird
species in South Africa provided by the Southern African Bird










Human activity might increase habitat heterogeneity, enabling
the coexistence of more species and inflating species richness in
densely populated areas.
To test this hypothesis, hereafter referred to as the ‘habitat
heterogeneity’ hypothesis, and all subsequent hypotheses, we
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1997) and 2001 human population density (Anonymous, 2001)









. (2006). In some cases the positive species richness–
human density relationship has been found to be an artefact of
sampling bias. That is, areas with a higher human density may
have been sampled more thoroughly than areas where human
density is low, and therefore species richness numbers were





2000). This is unlikely to be a problem for the SABAP data set,
however, as it has been demonstrated to be a reliable representation





2006, who tested the influence of low reporting on data quality).
It is important to separate the potential positive influence of
artificial habitat heterogeneity from that of productivity and
natural habitat heterogeneity, which have been shown to be





., 2002). Also, it is important to determine
whether artificial habitat heterogeneity is indeed determined by
human density at a QDS resolution. Therefore, all combinations
of the variables human density, natural habitat heterogeneity and
productivity were investigated as predictors of artificial habitat
heterogeneity. Next, we investigated all combinations of all
four variables (i.e. including artificial habitat heterogeneity) as
predictors of bird species richness.
We used the number of land transformation types within each
QDS to represent artificial habitat heterogeneity, based on
six types of transformed land-cover classes (cultivated land,
degraded land, plantations, water bodies, urban build-up, and
mines and quarries) captured by Landsat TM satellite imagery
mainly between 1994 and 1995, and provided by Thompson (1996).
We used the number of vegetation types within each QDS, based
on Low & Rebelo’s (1996) classification of 68 different vegetation




Human activities might result in a local change in the climate of
densely populated areas to a climate that is more favourable.
Hereafter, this hypothesis is referred to as the ‘productivity increase’
hypothesis.
Most previous studies focused on local, fine-resolution
climate change caused by urbanization through heating and




., 2006). However, at the
QDS resolution in South Africa, cultivated area is a more
pervasive land transformation type, at 18% of the area studied,
than urbanization at less than 1% (according to the land
transformation data set; Thompson, 1996). Also, the heat island
effect is more likely in cold-climate regions, whereas productivity
is limited instead by water availability in a warmer and drier





Therefore, to test the productivity increase hypothesis we used
the spatial distribution of irrigation for the purpose of boosting
the productivity of cultivated areas, expressed as percentage
irrigated area per QDS.
Even though the increased productivity caused by irrigation is
likely to be beneficial to biodiversity (e.g. irrigation increased
resources and biodiversity in oases in Tunisia; Selmi & Boulinier,
2003), it is also associated with a host of damaging environmental
effects such as agricultural intensification and further transforma-
tion of previously non-arable land to cultivated land, polluted





., 2004; Hart, 2004). Irrigation is thus
regarded as an anthropogenic environmental factor that may
either benefit species richness or threaten it.
First, we needed to determine whether irrigation caused a
significant increase in productivity at the QDS resolution. We
did this by correlating precipitation (as the limiting factor of
productivity) and percentage irrigated area, and a combination
of these two predictors, with productivity. Next, as for the habitat
heterogeneity hypothesis, it is important to separate the influence
of irrigation from a number of other variables. Thus we determined
whether irrigation is spatially associated with human density
and productivity. Further, we determined whether irrigation is
associated with the extent of cultivated area (taken from the land
transformation data set), as an increase in cultivated area would
imply a decrease in pristine natural habitat. Therefore, we
investigated all combinations of the variables human density,
productivity and cultivated area as predictors of irrigated area.
Last, we investigated all combinations of these variables, except
precipitation, as predictors of species richness.
We used data on January normalized difference vegetation
index (NDVI) values averaged between 1982 and 1991 as a measure
of primary productivity in this and all other hypotheses. NDVI is
obtained by satellite imaging, and it correlates strongly with net
primary production and plant biomass (Kerr & Ostrovsky,
2003). The NDVI values used in the current study, were
obtained from the African Real Time Environmental Monitor-
ing using Meteorological Satellites (Artemis) programme of the
Food and Agriculture Organization (FAO; http://www.
fao.org/geonetwork/srv/en/main.home). We specifically used
NDVI for January, because compared with other NDVI metrics,
it exhibits the most marked spatial variation and explains more












) was calculated from monthly data
based on interpolated climate surfaces for the past 30–50 years,
and supplied by the South African Computing Centre for Water
Research (Schulze, 1997). A spatial distribution map of irrigated
areas for South Africa was published by the Agricultural Research
Council – Institute for Soil, Climate, and Water (2000) and was
downloaded from the Agricultural Geo-Referenced Information




The form and the strength of the observed species richness–human
density relationship could vary according to the strength of the
conservation measures in an area. Hereafter, this hypothesis is
referred to as the ‘species conservation’ hypothesis.
Conservation measures may include the establishment and
maintenance of protected areas and conservation activities that
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protection laws and environmentally friendly urban development













2006). Although percentage protected area is an easily quantifiable
spatial measure of conservation strength, we decided not to
use it, because although South Africa is still relatively untrans-
formed, little of it is formally protected in national parks or
game reserves for example. Even though according to the land
transformation data set about 78% of the area investigated is
pristine natural habitat, according to the World Data Base on
Protected Areas (WDPA, 2004) only about 6% is formally




., 2001). Further, when working
with a taxon group such as birds for which range sizes are often
not being restricted by game fences, one should rather be
interested in the number of available natural ecosystems
within protected areas and the matrix within which they reside.
Therefore, to quantify the number of natural ecosystems
available within a given area (representing conservation
strength), we summed the percentage area covered by the six
types of transformed land-cover classes used for the habitat
heterogeneity hypothesis to obtain the total percentage of land
transformation. Remaining natural habitat currently situated
outside protected areas might not be protected from future
transformation; however, as there is no temporal component in
the current study, natural habitat would adequately represent
areas that were protected from transformation at the time of
measurement.
To compare the form and the strength of the observed species
richness–human density relationship among regions with differ-
ent land transformation levels (i.e. different conservation
strengths) the available QDSs were divided into 10 interval
classes according to the total percentage of transformation in
each QDS (0–10% transformed, 10–20%, etc.). However,
because available data (i.e. actual number of QDSs) generally
decline as percentage transformation increases, it was necessary
to pool the data from the two highest transformation classes to
make one class (80–100% transformation) in order to conduct
the analyses with a reasonable number of data points. The form
and the strength of the relationship between bird species richness
and human population density was compared among the




Although a positive correlation persists between species richness
and human density, because of a negative human impact caused
by the whole range of human densities, the slope of such a
relationship might be lower than it would have been if human
densities had no influence on species richness. Hereafter, this
hypothesis is referred to as the ‘reduced slope’ hypothesis.
To investigate the way in which various human densities
decrease species richness it would be ideal to compare the form,
slope and strength of the species richness–human density
relationship between areas where human densities have a negative
impact on native species richness and areas where similar human
densities have no influence on species richness. However, we
decided not to use this method, as the identification of an area
where the resident humans do not influence species richness
would be difficult because of the pervasiveness of human influence.
However, another option for testing this hypothesis in a more
indirect way is provided by the finding that South African avian





., 2003), suggesting that the positive
bird species richness–human density correlation is merely an
artefact caused by this covariation. Evans & Gaston (2005) have
found for British birds that human density is capable of influencing
the observed species–energy relationships. Therefore, instead of
making use of the species richness–human density relationship
to measure human impacts on species richness patterns, we
analysed the degree to which human density modifies the species
richness–productivity relationship at the QDS resolution.
Following Evans & Gaston (2005), we compared the effect that
productivity has on the distribution of avian species richness
between statistical models that either take into account or ignore
human density. In their study, Evans & Gaston (2005) found
that the slope of the species richness–energy relationship is
significantly reduced in the models that include human density.
Thus we expected to obtain a decreased slope for the species
richness–productivity relationship in the presence of humans.
This would indicate that any given value of human density
prevents species richness from obtaining its maximum possible




Species richness could be maintained in natural habitat patches
undetected at a coarse resolution. A negative or unimodal species
richness–human density relationship will be detected at finer
resolutions.
This hypothesis was not investigated, because the only finer-
resolution bird species richness data set available for South Africa




grid cell resolution in parts of Gauteng and the surrounding
provinces) was demonstrated to be of poor quality in preliminary
analyses; it was impossible to adequately represent the true




We examined three species richness categories representing
different range size categories seeing that common and rare species





., 2001). In particular, common species, many
of which are generalists with large range sizes, are often able to
take advantage of habitats that have been altered by human
activities, whereas rare or specialist species, often characterized
with small range sizes, usually become rarer (McKinney &









Also, although the distribution patterns of common and rare
species differ, common species contribute more towards overall
species richness distribution patterns than rare species. In particular,
most of the spatial variation is caused by a minority of the most




., 2004; Vázquez & Gaston, 2004).
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The three avian species richness categories calculated for each
QDS were: (1) all 651 species, (2) the 25% most widespread
species (each occupying a minimum of 610 QDSs) representing
the category ‘common species’, and (3) the 25% most range-
restricted species (each occupying a maximum of 98 QDSs)
representing the category ‘rare species’. Although these cut-off
percentages are arbitrary, they are widely used to define range
size categories (see Gaston, 1994).
All spatial information data sets have been converted to a QDS
resolution using ArcView GIS 3.3 (ESRI Inc. 1998). We removed
QDSs overlapping the border of the country (i.e. those overlapping
with the coast or neighbouring countries) from the data sets,
because information in these QDSs is incomplete and could




 = 1669 QDSs were used in analyses).
We reduced heteroscedasticity in all variables by logarithmically
transforming the data to base 10 before applying the relevant
statistical procedures. If zero values were present within a data
set, we added the incremental value, 1, to all values in that data
set before applying log transformation.
To detect collinearity, we examined the tolerance value for





(1996), is 1 minus the squared multiple correlation of a predictor
variable with all other independent variables in the regression
equation (Statsoft Inc., 1999); the lower the tolerance of a given
variable, the stronger the correlation between the variable in
question and one or more of the other predictors (Quinn &
Keough, 2002). Following Quinn & Keough (2002), those
variables with tolerance values < 0.1 should be eliminated from
subsequent analyses. However, as none of the explanatory
variables were found to be redundant, all were included in the
subsequent analyses. All analyses were conducted using the SAS




’ (SAS Institute Inc., 2004).
Data from contiguous grid cells are often spatially auto-
correlated, which violates the assumptions of independent errors





2002). Therefore, we implemented spatial correlation models
in which spatial variation in the response variable is tested for
spatial autocorrelation (null spatial models are compared with







 value and level of significance), and a spatial covariance





1996). We used an exponential spatial covariance structure in all
spatial analyses, as it always provided a better fit to the null model
compared with the five others: spherical, Gaussian, linear,
linear log and power. Except for the land transformation classes
60–70% and 70–80% in the rare species category of the species





< 0.05) spatially autocorrelated in each analysis.





supplies Akaike’s information criterion (AIC) values, of which
smaller (or more negative) values indicate a better model. AIC
values do not mean anything by themselves and are used to
compare models with different predictor variables (SAS Institute
Inc., 2004). Thus, AIC values cannot be compared between
models with different response variables (e.g. for which ‘all’,
‘common’ or ‘rare’ species richness are response variables) or
between different data sets (e.g. the different transformation
classes of the species conservation hypothesis that are different
subsets of a data set). If such comparisons were required, we used




) as an indication of the strength of a
relationship. AIC values were used to choose the best models for
the habitat heterogeneity and productivity increase hypotheses.
However, AIC values were usually not reported, except where the
best models predicting bird species richness could be compared
between the habitat heterogeneity and productivity increase
hypotheses.
To detect simple nonlinear relationships, we included the
square term of each predictor variable in the models together
with the variable concerned (Evans & Gaston, 2005). A significant
improvement in the ‘goodness of fit’ (i.e. a decrease in the AIC
value) after adding the square term would indicate a nonlinear
relationship. However, unless otherwise stated and reported in
the Results section, all relationships reported should be assumed
to be positive and linear (i.e. the square term did not contribute
significantly toward improving the model).
Finally, for all analyses, a probability level of 0.05 was accepted
as indicating statistical significance. We used the confidence
limits of the estimated slopes to indicate a significant difference
between the slopes of different correlations (the reduced slope
hypothesis). In this method, the difference can be considered
significant if the confidence intervals do not overlap. However, as
a 95% confidence interval would result in a significance threshold
lower than 0.05, we used the 84% level of confidence, which












Hypothesis 1: habitat heterogeneity
 
Spatial distribution in artificial habitat heterogeneity was best
predicted by a combination of human density and productivity,





 value (Table 1). This suggests that a greater variety of
transformation types, thus a more diverse artificial habitat
mosaic, tends to occur in areas with higher human densities and,
secondly, higher productivity.
The best model predicting the spatial distribution of all species
included human density, productivity and its square term, and
artificial heterogeneity (Table 2). The best model for common
species included human density and its square term, productivity
and artificial heterogeneity (Table 2). Thus, artificial heterogeneity
makes an important contribution towards explaining the





 values, it plays a secondary role to human density.
It is also less important than productivity for all species, but
seems to be similar in importance to productivity for common
species (Table 2). Natural habitat heterogeneity did not seem to
have a significant influence on all and common species richness





showed that although natural habitat heterogeneity (i.e. the same
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 resolution, it is less important at the QDS resolution. In
contrast, for rare species the best model included productivity
and its square term, with a smaller contribution also made by
natural heterogeneity (Table 2). If we take these two predictors
into account, human density and artificial habitat heterogeneity
have no significant influence on rare species richness patterns
and are therefore excluded from the model.
Human density had a nonlinear relationship with common
species: the form of the relationship was positive only in areas
with relatively low human density values above which an asymp-




. 320 and 3175 humans per QDS)
with some weak signs of a negative relationship in the areas with
high human density (Fig. 1). Further, productivity had a non-
linear relationship with all and rare species, and Fig. 2 indicates
that high-productivity areas may contain any value of rare
species richness, from the lowest to the highest.
 
Hypothesis 2: productivity increase
 
The best model predicting the spatial distribution of primary
productivity included both precipitation and irrigated area,
though precipitation contributed most to the model (Table 1).
Thus, irrigation seems to significantly raise productivity above
that expected from precipitation alone, although this increase is
Table 1 F ratios and associated significance levels for the best models explaining the spatial distribution of artificial habitat heterogeneity, 
primary productivity (NDVI) and irrigated area. For all F tests, the numerator degrees of freedom equals 1 and the denominator degrees 
of freedom is more than 1664. All predictor and response variables are logarithmically transformed to base 10.
Response variable Human population NDVI NDVI2 Precipitation Irrigated area Cultivated area Cultivated area2
Artificial habitat heterogeneity F = 399.89**** F = 47.69**** n.i. n.a. n.a. n.a. n.a.
NDVI n.a. n.a. n.a. F = 645.90**** F = 30.01**** n.a. n.a.
Irrigated area n.i. F = 6.67** F = 3.86** n.a. n.a. F = 197.04**** F = 43.73††††
Significance levels: positive effects, **P < 0.01; ****P < 0.0001; negative effects, ††††P < 0.0001.
Abbreviations: n.i., not included in the model; n.a., not applicable; NDVI, normalized difference vegetation index.
Table 2 F ratios and associated significance levels of the best models predicting spatial distribution in avian species richness (all, the 25% most 
common and the 25% rarest) for the habitat heterogeneity hypothesis (hypothesis 1) and the productivity increase hypothesis (hypothesis 2). 
For all F tests, the numerator degrees of freedom equals 1 and the denominator degrees of freedom is more than 1007. All predictor and response 









heterogeneity Irrigated area AIC
All species
1 F = 78.56**** n.i. F = 23.69**** F = 6.48* n.i. F = 11.17*** n.a. −2709
2 F = 97.30**** n.i. F = 21.44**** F = 5.39* n.a. n.a. F = 38.89**** −2733.2
Common species
1 F = 48.57**** F = 21.82†††† F = 14.60*** n.i. n.i. F = 14.25*** n.a. −3319.2
2 F = 45.00**** F = 18.57†††† F = 13.10*** n.i. n.a. n.a. F = 39.36**** −3342.9
Rare species
1 n.i. n.i. F = 59.97**** F = 31.96**** F = 12.06*** n.i. n.a. 387.1
2 n.i. n.i. F = 62.46**** F = 32.73**** n.a. n.a. F = 6.42* 393.9
Significance levels: positive effects: *P < 0.05; ***P < 0.001; ****P < 0.0001; negative effects, ††††P < 0.0001.
Abbreviations: n.i., not included; n.a., not applicable; NDVI, normalized difference vegetation index; AIC, Akaike’s information criterion (smaller or
more negative values indicate a better model).
Figure 1 A nonlinear relationship exists between the spatial 
distribution of number of common bird species and number of 
humans per quarter-degree square. The form of the relationship was 
positive only in areas with relatively low numbers of humans after 
which an asymptote was reached.
Birds and humans in South Africa
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unremarkable at the QDS resolution, possibly because only small
areas of many QDSs are irrigated.
The best model predicting percentage irrigated area per QDS
included cultivated area (contributing most) and productivity
with their square terms (Table 1). It can therefore be seen that
irrigation is mainly associated with cultivated area, but also tends
to be more prevalent in areas with higher productivity, though
both predictors had a nonlinear relationship with irrigated area.
Although human density did not seem to have a significant direct
influence on spatial distribution in irrigation, it can still be
assumed that a positive correlation exists between these two
variables because of their covariation with productivity.
The best model predicting the spatial distribution of all species
included human density, irrigation and productivity with its
square term (Table 2). The best model for common species
included human density and its square term, irrigation, and
productivity (Table 2). Thus irrigation makes an important
contribution towards explaining the distribution of all and
common species. Although it is less important than human
density (i.e. it contributes less to the model), it is more important
than productivity for all and common species (Table 2). In
addition, if the AIC values in Table 2 are compared between the
best models of the habitat heterogeneity and productivity
increase hypotheses, irrigation seems to be even more important
than artificial habitat heterogeneity in determining species richness
patterns. In contrast, even though the best model for rare species
included irrigated area and productivity with its square term
(Table 2), irrigated area makes a much smaller contribution to
rare species distribution patterns than productivity. Again,
human density was excluded from the model. Finally, cultivated
area had no significant influence on any measure of bird species
richness if the other predictors are taken into account.
Hypothesis 3: species conservation
Except for land transformation classes 30–40%, for which the P
values were higher than the adjacent classes, and 80–100%, for
which P values were lower than the adjacent class, the significance
levels of the positive species richness–human density relationship
showed an overall decrease with increasing transformation
(Table 3). This pattern was most consistent for all species and
common species. The pattern for rare species was less consistent,
with higher overall significance levels if compared among the
transformation classes across the full gradient.
More important support for this hypothesis is that, although
mainly positive and significant species richness–human density
relationships persisted at lower land transformation levels, the
relationship became invariably non-significant at and above a
certain threshold of transformation. In other words, as predicted,
a change in the form of the relationship occurred, in this case
from significantly positive to non-significant. In QDSs below the
transformation level threshold, the distributions of humans and
bird species follow spatial patterns that are significantly similar
(probably due to the similar response of both to environmental
factors; see Balmford et al., 2001, for sub-Saharan Africa and
Chown et al., 2003, for South Africa), whereas in QDSs at and
above the threshold, a large enough proportion of species is
in some way affected by land transformation to result in a
breakdown of the positive species richness–human density
correlation. Thus, this result suggests that higher levels of land
transformation have the power to obscure the influence of
environmental factors that cause the well-known covariation of
human density and species richness. We tested whether decreasing
sample sizes (i.e. decreasing number of QDSs with increasing
transformation, Table 3) influenced P values, and found that this
influence was negligible.
The concept of land transformation thresholds is not unique
to the current study. Franklin & Forman’s (1987) and Andren’s
Figure 2 A nonlinear relationship exists between the spatial 
distribution of number of rare bird species and level of primary 
productivity [i.e. normalized difference vegetation index (NDVI) 
value, see Methods section] per quarter-degree square (QDS). 
Whereas low-productivity areas usually contain few rare species, 
high-productivity areas may contain any number of rare species, 
from the lowest to the highest. The points indicated by circles are 
QDSs located adjacent to one another and have similar levels of 
primary productivity, yet one contains 64 rare bird species whereas 
the other contains only one rare bird species. These two points are 
discussed more thoroughly in the Discussion section.
Table 3 The significance levels (P values) of correlations between 
avian species richness (all species and the 25% most common and 
25% rarest species) and human population density at different levels 
of land transformation.
Land transformation 





0–10 <0.01 (926) <0.01 (926) <0.01 (458)
10–20 <0.01 (176) <0.01 (176) <0.01 (116)
20–30 <0.01 (146) 0.01 (146) 0.03 (118)
30–40 0.13 (102) 0.73 (102) 0.34 (85)
40–50 0.04 (111) 0.37 (111) 0.02 (83)
50–60 0.13 (68) 0.61 (68) 0.02 (56)
60–70 0.21 (58) 0.78 (58) <0.01 (39)
70–80 0.34 (50) 0.58 (50) 0.29 (34)
80–100 0.07 (32) 0.20 (32) 0.06 (23)
Sample sizes (i.e. number of quarter-degree squares) are given in 
parentheses after each P value.
S. Hugo et al.
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(1994) simulations of increasing habitat loss both show a threshold
at which the continuous original habitat becomes fragmented
followed by a rapid decrease in habitat patch size, and a second
threshold after which the distances between habitat patches
begin to increase. Species are mainly affected by habitat loss until
the thresholds are reached, after which the negative effects of size
and isolation of remaining habitat patches (i.e. the probability of
persistence and colonization ability, respectively) are added to
habitat loss (Andren, 1994).
The transformation level threshold found in the current study
was unique for each species richness group: highest for rare
species (70–80% transformed area), lowest for common species
(30–40%) and intermediate for all species (50–60%) (Table 3).
It seems that common species are influenced by lower levels of
transformation, whereas rare species seem to be more resistant to
the effects of transformation. This observation conflicts with the
widely accepted assumption that rare species are mainly specialist
species dependent on a specific set of environmental conditions,
and are therefore usually not as well adapted to human activity as
common species (McKinney & Lockwood, 1999; Davies et al.,
2004; but see La Sorte, 2006).
Hypothesis 4: reduced slope
Compared with the models that exclude human density, the
estimated slopes of the positive relationships that bird species
richness have with productivity were reduced for all and
common species and slightly increased for rare species in the
models that include human density (Table 4). However, these
changes were insignificant, i.e. the 84% confidence intervals
overlapped for all richness measures (Table 4). Therefore, the
reduced slope hypothesis is not supported.
DISCUSSION
The observations of the habitat heterogeneity and productivity
increase hypotheses indicate that common species benefit
directly from human density and environmental effects that are
caused by human activities, such as artificially increased habitat
heterogeneity and productivity. The fact that human density
contributes more to predicting common species distribution
than the other two variables suggests the influence of other
beneficial human activities that are not considered in the current
study. All these benefits are large enough to overwhelm both the
negative effects of human impact and the natural variation of
common species with productivity, so that a relatively strong
positive, though nonlinear, common species richness–human
density relationship is promoted at the national scale. In con-
trast, the results indicate that although rare species are strongly
dependent on natural productivity, and to a much smaller extent
on artificially inflated productivity (i.e. irrigation) and natural
habitat heterogeneity, human density and human-caused habitat
heterogeneity plays no beneficial role. These results are therefore
consistent with the assumption stated in the Results section
(where the results of the species conservation hypothesis are
reported), that rare species are less able to adapt well to human
activity. In addition, the idea stated in the Methods section,
that general species richness patterns are mostly determined by
common species, is reflected in the current study by the similarities
between the two species richness measures – all species and
common species – with regard to their responses to natural and
human-caused environmental factors.
Spatial patterns in habitat transformation are often positively
correlated with human population densities (Chown et al., 2003;
Vázquez & Gaston, 2006). That common species benefit from
human density and, by implication, land transformation, is
consistent with previous studies demonstrating that it is mainly
common species that expand their ranges by colonizing areas
affected by land transformation (Fairbanks et al., 2002;
Fairbanks, 2004; La Sorte & Boecklen, 2005; La Sorte, 2006).
However, it seems that not all common species benefit from all
land transformation types. Where negative human activities are
too severe (e.g. areas with high transformation levels, species
conservation hypothesis), beneficial human activities cannot
counter the negative effects, perhaps because not enough natural
habitat patches are present with the artificially created habitats,
increased productivity and other beneficial factors (see Andren,
1994). This is indicated by the breakdown of the species richness–
human density relationship at higher transformation levels
(species conservation hypothesis), the asymptote reached by
common species at high human densities (Fig. 1), and the fact
that it is the irrigation of cultivated area that promotes species
richness rather than cultivated area (i.e. agricultural intensification,
see Methods section) per se (productivity increase hypothesis).
The non-significant species richness–human density relationship
found in those areas with land transformation values above the
various thresholds (species conservation hypothesis), is most
likely caused by a combination of positive, negative and neutral
effects between the bird assemblages found in these areas (with
different habitat requirements) and the various types and
amounts of land transformation. This is consistent with
Fairbanks et al. (2002) who showed that transformation generally
acts to increase the abundance of a small number of generalist
species (i.e. only a fraction of those that would be classified as
Table 4 A comparison of the slope estimates and their associated 
84% confidence intervals of the species richness–productivity 
relationships in models with or without human population density. 
Any overlap in the relevant confidence intervals indicates that the 
differences between the slopes of models that include or exclude 








All Excluded 0.53 0.46–0.60
Included 0.43 0.36–0.49
Common Excluded 0.26 0.20–0.32
Included 0.17 0.12–0.23
Rare Excluded 4.13 3.47–5.00
Included 4.16 3.39–4.92
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‘common’), thereby decreasing evenness and increasing the
prevalence of assemblages dominated by a single species.
Likewise, there are numerous studies suggesting similar patterns,
as was shown in our study, of the way in which common and rare
species may experience range expansion or contraction related to
various land-use activities (see, e.g., Andren, 1994; Armstrong &
van Hensbergen, 1994; Allan et al., 1997; Gaston et al., 2003;
Fairbanks, 2004).
The finding in the current study that common and rare species
differ in their response to transformation (e.g. their different
transformation thresholds) probably indicates that common
species are more flexible than rare species in the presence of
transformation rather than more vulnerable, as it may seem at
first. Figure 2 shows that low species richness values for rare
species also exist in certain high-productivity areas, indicating
that not all of these areas are suitable for or contain rare species.
Rare species are highly dependent on specific original habitat
types (see, e.g., Armstrong & van Hensbergen, 1994; Allan et al.,
1997). High-productivity zones, where many rare species are
expected to occur according to certain observations from
the current study, are often severely transformed and densely
populated by humans, possibly making them unsuitable to
support rare species. Two neighbouring QDSs in KwaZulu–Natal
with similar levels of primary productivity (indicated in Fig. 2)
illustrate situations at both ends of the spectrum. In the relatively
untransformed QDS (with its midpoint at 32°7′30″ S and
27°37′30″ E, and c. 12% transformed area), 64 rare bird species
coexist with 23,135 humans, whereas the highly transformed
QDS (with its midpoint at 31°52′30″ S and 27°52′30″ E, and
c. 74% transformed area) that includes 55,575 humans, has only
one rare species. Many rare species might be unable to avoid the
effects of habitat transformation by dispersal, which involves
crossing inhospitable surroundings to find a patch suitable for
their specific requirements, while competing with the common
species already present in the patch and surrounding habitat
(MacArthur & Wilson, 1967). In contrast, common species are
less dependent upon productive areas and are able to successfully
colonize a wider variety of habitats. Therefore, although certain
common species thrive in modified habitats, those that are
negatively affected are able to disperse more easily than rare
species (Gaston, 1994; MacArthur & Wilson, 1967). Important
future work on South African bird species should include an
investigation of the degree of aggregation and concentration
of: (1) natural habitat fragments, (2) transformed habitat
fragments, and (3) different human densities within QDSs, and
their effect on the persistence of species richness. The results of
similar previous studies for other parts of the world are often
conflicting; however, a common feature is that different species
vary with regard to their response to these aspects of land
transformation (Franklin & Forman, 1987; Green et al., 2005;
Lenth et al., 2006).
In conclusion, the three hypotheses that were supported by the
data (the habitat heterogeneity, productivity increase and species
conservation hypotheses) supplement one another in explaining
a complex system. The amount of remaining natural habitat
seems to be the most important factor determining whether the
positive bird species richness–human population density
relationship is maintained, regardless of rarity. However, the
relative importance of potentially beneficial human activities,
such as artificial habitat heterogeneity and irrigated area, in
explaining bird species richness patterns depends on the rarity
or degree of specialization of the species investigated. Often
beneficial human activities contribute significantly to maintaining
at least common bird species, which might be a reason why the
reduced slope hypothesis is not supported. Lower human densities
could possibly provide more positive than negative factors; thus
one of the assumptions on which this hypothesis is based is
invalid. However, even beneficial human factors are insufficient
to maintain species richness in situations of severe habitat loss,
emphasizing the value of protecting at least part of an area from
habitat transformation. In addition, it is clear that the pervasive
influence of common species on general species distribution
patterns would obscure the more severe impact humans may
have on rare species in studies that do not distinguish between
these two species richness categories. Certain populations of rare
species are likely to be vulnerable to any future increase in habitat
transformation, although it may not be clearly visible from
current national-scale rare species distribution patterns. Rare
species might face a future contraction in range size or even
extinction if measures are not taken to prevent habitat trans-
formation in areas important to rare birds. However, considering
the increase in human population size and resource demands,
options to expand on existing reserve systems in order to include
such areas appear to be limited, and it is increasingly difficult for
conservation to compete with the expansion of other land uses
(Chown et al., 2003). Decision-makers are therefore faced, now
more than ever before, with the challenge to further off-reserve
conservation strategies (e.g. by integrating human development
with biodiversity conservation) in order to achieve long-term
conservation goals (Kepe et al., 2004).
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